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Abstrat
Reently a new dynamial symmetry breaking model of eletroweak
interations was proposed based on interating fermions. Two fermions
of dierent SUL(2) representations form a symmetry breaking ondensate
and generate the lepton and quark masses. The weak gauge bosons get
their usual standard model masses from a gauge invariant Lagrangian of
a omposite doublet salar eld. The new fermion elds beome massive
by ondensation. In this note the gap equations are given in the linearized
(mean eld) approximation and the onditions for symmetry breaking and
mass generation are presented. Perturbative unitarity onstrains the self-
ouplings and the masses of the new fermions, a raw spetrum is given.
With the advent of the LHC the problem of eletroweak symmetry breaking be-
omes more and more important. The LHC experiments are expeted to shed
light on the dynamis of the symmetry breaking. As there is no diret evidene
for elementary salar (Higgs) partiles, alternative, dynamial mehanisms have
also been investigated, like tehniolour, top ondensate or topolour models
[1, 2, 3℄. These models were reborn in extra dimensional senarios like higgsless
models [4℄. Reently a new dynamial symmetry breaking model was proposed
based on new fermions of dierent representations of the weak gauge group
[5℄, in the model four-fermion interations generate the (symmetry breaking)
ondensates. The ondensates generate masses for the new fermions and an
auxiliary omposite salar eld is responsible for the weak gauge boson masses.
The model is non-renormalizable and regulated by a four dimensional uto,
we present the model after the introdution in more detail. In this work we
extend the model to inlude more general ondensates and investigate the non-
onventional struture of the gap equations in the modied model. We were
able to analyse the oupled gap equations and give the ondition of nding a
symmetry breaking solution and fullling the onstraints of perturbative uni-
tarity. The possible masses for various oupling onstants are presented and it
is shown that the model an generate fermions with a mass of few hundred GeV
for utos in the TeV range.
To start with we summarize the fermion ondensate model of eletroweak
interations [5℄. In the model to be outlined the Higgs setor is replaed with new
1
fermions with non-renormalizable four-fermion interations. Under SUL(2) ×
UY (1) the new fermions are a neutral singlet ΨS, and a weak doublet ΨD =(
Ψ+D
Ψ0D
)
with hyperharge 1. Ψ+D
(
Ψ0D
)
is a positively harged (neutral) eld.
The new fermions have eetive four-fermion interations, valid up to some
physial uto, the ultraviolet ompletion of the model is not speied.
The new Lagrangian with gauge invariant kineti terms and invariant 4-
fermion interations of the new fermions is LΨ,
LΨ = iΨDDµγ
µΨD + iΨS∂µγ
µΨS −m0DΨDΨD −m0SΨSΨS +
+λ1
(
ΨDΨD
)2
+ λ2
(
ΨSΨS
)2
+ 2λ3
(
ΨDΨD
) (
ΨSΨS
)
, (1)
m0D,m0S are bare masses and Dµ is the ovariant derivative
Dµ = ∂µ − i g
2
τ Aµ − i
g′
2
Bµ, (2)
where Aµ,Bµ and g, g
′
are the usual weak gauge boson elds and ouplings,
respetively. Additional four-fermion ouplings are possible but those will not
basially hange the symmetry breaking and mass generation. We will show in
what follows that for ouplings λi exeeding the ritial value the four-fermion
interations of (1) generate ondensates
〈
Ψ
0
DαΨ
0
Dβ
〉
0
= a1δαβ , (3)〈
Ψ
+
DαΨ
+
Dβ
〉
0
= a+δαβ , (4)〈
ΨSαΨSβ
〉
0
= a2δαβ , (5)〈
ΨSΨD
〉
0
=
〈(
ΨSΨ
+
D
ΨSΨ
0
D
)〉
0
6= 0 (6)
The formation of the harged ondensate (4) is more general then in [5℄, but
it does not hange the original arguments about symmetry breaking. The non-
diagonal ondensate in (6) spontaneously breaks SUL(2)× UY (1) to Uem(1) of
eletromagnetism. With the gauge transformations of ΨD the ondensate (6)
an always be transformed into a real lower omponent,
〈
ΨSαΨ
0
Dβ
〉
0
= a3δαβ,
〈
ΨSαΨ
+
Dβ
〉
0
= 0, (7)
where a3 is real. The omposite operator ΨSΨD resembles the standard salar
doublet. Assuming invariant four-fermion interations for the new and known
fermions,
Lf = gf
(
Ψ
f
LΨ
f
R
) (
ΨSΨD
)
+ gf
(
Ψ
f
RΨ
f
L
) (
ΨDΨS
)
, (8)
the ondensate (7) generates masses to the standard femions. In the linearized,
mean eld approximation the eletron mass, for example, is
me = −4gea3. (9)
Up type quark masses an be generated via the harge onjugate eld Ψ˜D =
iτ2 (ΨD)
†
.
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The masses of the weak gauge bosons arise from the eetive interations of
the auxiliary omposite Y = 1 salar doublet,
Φ =
(
Φ+
Φ0
)
= ΨSΨD. (10)
Φ develops a gauge invariant kineti term in the low energy eetive desription
LH = h (DµΦ)
†
(DµΦ) , (11)
where Dµ is the usual ovariant derivative (2).
The oupling onstant h sets the dimension of LH , [h] = −4 in mass dimen-
sion, we assume h > 0. (11) is a non-renormalizable Lagrangian and it provides
the weak gauge boson masses and some of the interations of the new fermions
with the standard gauge bosons.
The terms with Φ0 in LH an be written as
h−1LH =
g2
2
W−µ W
+µΦ0†Φ0 +
g2
4 · cos2 θW ZµZ
µΦ0†Φ0 + (12)
+
[
∂µΦ0†∂µΦ
0 − i
2
g
cos θW
(
∂µΦ0†
)
Φ0Zµ +
i
2
g
cos θW
Φ0†Zµ
(
∂µΦ0
)]
in terms of the usual vetor boson elds.
In the linearized approximation in (12) we put
hΦ0†Φ0 → h 〈Φ0†Φ0〉
0
= h
(
16a23 − 4a1a2
)
=
v2
2
, (13)
leading to the standard masses
mW =
gv
2
, mZ =
gv
2 cos θW
. (14)
v2 is, as usual,
(√
2GF
)−1
; v = 254 GeV . The tree masses naturally fulll the
important relation ρtree = 1.
One the ondensates (3-6) are formed, dynamial mass terms are generated
in the Lagrangian (1) beside the bare mass terms.
Lψ → LlinΨ = −m+Ψ+DΨ+D −m1Ψ0DΨ0D −m2ΨSΨS −m3
(
Ψ0DΨS +ΨSΨ
0
D
)
,
(15)
with
m+ = m0D − 6λ1a+ − 8 (λ1a1 + λ3a2) = m1 + 2λ1 (a+ − a1) (16)
m1 = m0D − 6λ1a1 − 8 (λ1a+ + λ3a2) , (17)
m2 = m0S − 6λ2a2 − 8λ3 (a1 + a+) , (18)
m3 = 2λ3a3. (19)
If m3 = 0 (λ3 = 0 or a3 = 0) then (15) is diagonal, the original gauge eigenstates
are the physial elds, the eletroweak symmetry is not broken, λ3a3, the non-
diagonal ondensate triggers the mixing and symmetry breaking. If m3 6= 0 (15)
is diagonalized via unitary transformation to get physial mass eigenstates
3
ψ 0Dm 1 ψ
0
D
ψ 0Dψ
0
D
ψ 0Dλ 1 λ 3
ψSψ
+
D
ψ 0D ψ
0
D
ψ 0D
λ 1ψ 0D
= + +
Figure 1. Feynman graphs for the gap equation (17). Similar graphs
orresponding to (16,18) with exhanged legs and lines.
ψ D0 ψ D0
ψ D0 ψ S
m 3 λ 3ψ S ψ S
=
Figure 2. Feynman graphs for the gap equation (19).
Ψ1 = cΨ
0
D + sΨS,
Ψ2 = −sΨ0D + cΨS , (20)
where c = cosφ and s = sinφ, φ is the mixing angle. The masses of the physial
fermions Ψ1, Ψ2 are
2M1,2 = m1 +m2 ± m1 −m2
cos 2φ
. (21)
The mixing angle is dened by
2m3 = (m1 −m2) tan 2φ. (22)
Again we see, one m3 = 0 the mixing angle vanishes (for m1 6= m2), M1 = m1
and M2 = m2. The physial masses may be equal (M1 =M2) only if m1 = m2,
the original neutral fermions are degenerate in mass and then the mixing angle
is meaningless from the point of view of mass matrix diagonalization.
It follows that the physial eigenstates themselves form ondensates sine
c2
〈
Ψ1αΨ1β
〉
0
+ s2
〈
Ψ2αΨ2β
〉
0
= a1δαβ,
s2
〈
Ψ1αΨ1β
〉
0
+ c2
〈
Ψ2αΨ2β
〉
0
= a2δαβ, (23)
cs
〈
Ψ1αΨ1β
〉
0
− cs 〈Ψ2αΨ2β〉0 = a3δαβ.
There is no non-diagonal ondesate as Ψ1, Ψ2 are independent. Combining the
equations of (23) one nds
a3 =
1
2
tan 2φ (a1 − a2) . (24)
For a1 = a2, a3 6= 0 is not possible for cos 2φ 6= 0. As is seen, (24) is equivalent
to
〈
Ψ1αΨ2β
〉
0
= 0. Comparing (24) to (22) yields
m1 −m2 = 2λ3 (a1 − a2) . (25)
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Using the equations (16-19) we are lead to a onsisteny onditions
(λ3 − λ1)
(
a1 +
4
3
a+
)
= (λ3 − λ2) a2, (26)
λ1 6= λ2 goes with a1 + 43a+ 6= a2.
The equations (16-19) an be formulated as gap equations in terms of the
physial elds expressing both the masses and the ondensates with Ψ1, Ψ2
and Ψ+ ≡ Ψ+D. Assuming vanishing original masses, m0S = 0, m0D = 0, the
omplete set of gap equations are
c · s (M1 −M2) = 2λ3 c · s (I1 − I2) , (27)
c2M1 + s
2M2 = −λ1
(
6
(
c2I1 + s
2I2
)
+ 8I+
)− 8λ3 (s2I1 + c2I2) , (28)
s2M1 + c
2M2 = −6λ2
(
s2I1 + c
2I2
)− 8λ3 (c2I1 + s2I2 + I+) , (29)
M+ = −λ1
(
8
(
c2I1 + s
2I2
)
+ 6I+
)− 8λ3 (s2I1 + c2I2) . (30)
The main task of the present work is to explore the struture of the gap
equations. There are four algebrai equations for four variables M1, M2, M+,
c2 = cos2 φ. As in almost all approximation Ii ∼Mi, (27-30) show gap equation
harateristis,Mi = 0 is always a symmetri solution, whih is stable for small
|λi|. Inreasing |λi| also an energetially favoured [7℄ massive solution emerges
as in the original Nambu Jona-Lasinio model. Now we explore the parameter
spae λi to nd aeptable phyial masses.
Let the ondensates be approximated by free eld propagators
〈
ΨiαΨiβ
〉
=
δαβ
4
Ii = − δαβ
8pi2
Mi
(
Λ2 −M2i ln
(
1 +
Λ2
M2i
))
, i = 1, 2,+, (31)
where M+ = m+. Here Λ is a four-dimensional physial uto, it sets the sale
of the new physis responsible for the non-renormalizable operators. From the
point ov view of symmetry breaking Λ an be hosen arbitrary large (below the
GUT or Plank sale), but higher Λ implies stronger ne tuning of λ3, see (32),
to keep the new fermion masses in the eletroweak range. To avoid ne tuning
and allow reasonable fermion masses Λ is expeted to be a few TeV, typially
around 3 TeV [5℄.
For the eletroweak symmetry breaking the most important equation is (27),
it triggers mixing between the dierent representations of the weak gauge group.
Applying (31) it reads
0 = (M1 −M2) c · s

 1
λ3
+
Λ2
pi2
−
M31 ln
(
1 + Λ
2
M2
1
)
−M32 ln
(
1 + Λ
2
M2
2
)
M1 −M2

 . (32)
(32) always has a symmetri solution (M1 −M2) c · s = 0, implying sin 2φ = 0
for M1 6= M2 ,essentialy no mixing, M1 = M2 is disussed after (22). If |λ3| is
greater than a ritial value |λc3| = pi
2
Λ2 there also exists a symmetry breaking
solution (M1 6= M2), whih always has lower energy if the massive solution
exists [7℄. Equation (32) has a solution with moderate masses (M1,2 < 0.7Λ )
if λ3 is negative. In the small mass limit the parantheses in (32) simplies to
5
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Figure 3. Constant λ3 ontours in the M1-M2 plane for
λ3 = {−10,−12,−15,−20} · 1/Λ2, Λ = 3 TeV.
1
λ3
+ Λ
2
pi2 −
(
M21 +M1M2 +M
2
2
) (
ln
(
Λ2
)− ln(M˜2)) where M˜ ≃ max(M1,M2).
If |λ3| is slightly larger than its ritial value, then we generally get small masses
ompared to Λ, M21 +M1M2 +M
2
2 ≪ Λ2. The ritial oupling agrees with
the original Nambu-Jona Lasinio value, only a fator of two oming from the
denition in the Lagrangian (1), λ3 also dened dierently in [5℄. If |λ3| <
|λc3| then the parantheses does not vanish in (32), the ondensate a3 is not
formed and (M1 −M2) c · s = 0. The physial solution is c · s = 0, there
is no meaningful mixing, ΨS , ΨD are the physial mass eigenstates, and the
eletroweak symmetry is not broken.
Despite the ompliated struture of the non-linear equations (27-30) we get
a relatively simple gap equation for λ1, similar to (32), from (16) 2λ1 (a1 − a+) =
m1 −m+. In the physial elds we have
M+ − c2M1 − s2M2 = 2λ1
(
I+ − c2I1 − s2I2
)
. (33)
It inludes four unknowns, therefore it annot be analyzed diretly. We get a
useful restrition solving (27) and (28) for λ1 and substituting it to (33), relating
M1,M2,M+ and c
2
independently of the λi's. Requiring that 0 ≤ c2 ≤ 1 we get
M1 ≤M+ ≤M2. (34)
As a result of the logaritmi terms in Ii, M+ is nonlinear in c
2
, while m1 =
c2M1 + s
2M2. We remark that though (27) and (33) are very similar, for
moderate masses λ3 is always negative, while λ1 is positive (also λ2 > 0). In the
c2 = 1 (0) limit M+ = M1 (M2) and there are anelations in (27-30). Turning
6
bak to the symmetri solution of (32) the relation (34) gives M+ = M1 = M2
and the rest of the gap equations set the ommon mass equal to zero unless the
speial relation 6(λ3 − λ2) = 8(λ3 − λ1) holds to provide anellations.
To nd the ritial value for λ1 and λ2 we onsidered the limit M+ →M2 =
M and M1 → 0 then
λ1 =
1
7
pi2
Λ2 −M2 ln (1 + Λ2M2 ) , λ2 =
4
3
pi2
Λ2 −M2 ln (1 + Λ2M2 ) . (35)
We get the same NJL type expression if we take the limit M+ →M1 = M and
M2 → 0. (35) provides massive solutions if λ1 ≥ 17 pi
2
Λ2 and λ2 ≥ 43 pi
2
Λ2 . Numerial
sans show that these are the minimal, ritial values for the ouplings and an
be approximated in speial limits. Numerial solutions are shown in Table 1.
for uto Λ = 3 TeV. The role of M1 and M2 an be exhanged together with
c2 ↔ s2, therefore we hose M1 < M2 without the loss of generality. As the
uto is not too high, 3 TeV, there is no serious ne tuning in the λi's to nd
relatively small masses.
To understand the signs and roughly the fators in λc1,2 onsider the limit
M1 ≃ M2 ≃ M+ ≃ M . If M ≪ Λ then λ3 ≃ λc3 = − pi
2
Λ2 , though in the exat
limit (27) beomes singular. We get from (27-30) the relation 14λ1 = 6λ2+8λ3
and a single gap equation ( I = IM in (31) )
M = − (14λ1 + 8λ3) I. (36)
Small mass solution requires λ˜ = 14λ1 + 8λ3 to be lose to it's ritial value
2pi2/Λ2 and provides rough estimates λ1 ∼ 57 pi
2
Λ2 and also λ2 ∼ 3 pi
2
Λ2 to generate
small masses. Numerial solutions also provide general (M+ not lose to M1 or
M2) small masses for ouplings lose to these values, see Table 1.
In the strongest small mass limit one neglets the logaritmi terms in the
ondensates (31), and equations (27-30) redue to a linear homogeneous system
of equations. Two onditions emerge to nd a nonzero solution for the physial
masses (
1 + 2λ1
Λ2
pi2
)(
M+ − c2M1 − s2M2
)
= 0 (37)
(
1− 14λ1Λ
2
pi2
)(
1− 6λ2Λ
2
pi2
)
= 128
(
λ3
Λ2
pi2
)2
(38)
Remember that m+ = M+ and m1 = c
2M1 + s
2M2, m2 = s
2M1 + c
2M2. In
ase λ1
Λ2
pi2 = − 12 (38) beomes
(
1− 6λ2 Λ2pi2
)
= 16
(
λ3
Λ2
pi2
)2
and there is a mass
relation m1 +m+ =
(
2λ3
Λ2
pi2
)
m2. If λ1
Λ2
pi2 6= − 12 , we get two relations for the
masses, m+ = m1 = c
2M1 + s
2M2 and
m1
m2
= 1−6λ2Λ
2/pi2
16λ3Λ2/pi2
= 8λ3Λ
2/pi2
1−14λ1Λ2/pi2
.
We have alulated and presented briey in [5℄ the onstraints on the pa-
rameters of the model from perturbative unitarity [8, 9℄. Consider the ampli-
tudes of two partile
(
Ψ
(+)
D ,Ψ
(0)
D or ΨS
)
elasti sattering proesses and impose
|ℜa0| ≤ 1/2 for the J = 0 partial wave amplitudes. The ontat graph gives the
dominant ontribution, negleting the fermion masses for the Ψ
(+)
D Ψ
(−)
D satter-
ing gives an upper bound on λ1 oupling, |λ1| s ≤ 8pi, where s is the maximal
enter of mass energy
(
M2+ ≪ s ≤ Λ2
)
.
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λ1
(
pi2
Λ2
)
0.546 0.740 0.496 0.380 0.502 0.468 0.419
λ2
(
pi2
Λ2
)
2.540 3.11 (!) 2.403 2.120 2.457 2.455 2.451
λ3
(
pi2
Λ2
)
-1.031 -1.041 -1.042 -1.070 -1.083 -1.178 -1.330
M1 (GeV) 100 148 100 100 150 200 200
M2 (GeV) 150 150 200 300 300 500 800
M+ (GeV) 149 149 190 290 290 490 790
Table 1: Solutions of the gap equations for the uto Λ =3 TeV, λi are given in
units of
pi2
Λ2 . In the seond olumn λ2 violates perturbative unitarity.
We annot always use the small mass limit, as the solution of the gap
equations provide higher λi's for signiantly higher masses. Therefore we
have alulated dierent heliity amplitudes [10℄ for non-vanishing masses. For
Ψa(1)Ψ¯a(2)→ Ψa(3)Ψ¯a(4), (a = 0, s,+),M = λi [(v¯2u1) (u¯3v4)− (u¯3u1) (v¯2v4)],
where λi=1,2,3 is the only relevant four-fermion oupling. We onsider ΨS =
sΨ1 + cΨ2 sattering as a linear ombination in the oupled Ψ1, Ψ2 hannels
to employ only λ2 (and simiarly Ψ
(0)
D to onstrain λ1). The ontributions of
the γ, Z exhange graphs are negligible
(O (g2)≪ 8pi) beause of the extra
propagator. There are three dierent heliity hannels, we give the represen-
tative heliity amplitudes, these are maximal for the bak to bak sattering
(θ
{13}
scattering = pi)
M ((+−)→ (+−)) = λi
(
s− 4M2i
)
, (39)
M ((++)→ (−−)) = λis, (40)
M ((+−)→ (−+)) = λi4M2i . (41)
For other sattering angles |M | is smaller than in (40), for example the maximum
for θ = 0 is λi4M
2
i . The mass dependent unitarity bound agrees with the rst
estimate
λis ≤ 8pi, (42)
where (i=1,2,3) and s ≤ Λ2 is the enter of mass energy. The unitarity on-
straints are most stringent for λ2, even the equal small mass limit (36) would
set λ2 ≃ 3pi2/Λ2 whih is above the maximum allowed by unitarity 8pi/Λ2 ≃
2.55 · pi2Λ2 . As an example we show a non-physial nearly equal mass solution in
the seond olumn of Table 1., whih is not allowed by perturbative unitarity.
(42) implies an absolute upper bound on the smaller neutral mass, M1 ≤ 230
GeV for Λ = 3TeV and generally pushes up the harged mass lose to M2. The
λ2 ontours are drawn in the M2−M1plane for M+ =M2− 10GeV in Figure 4.
In onlusion, we explored and solved the gap equations in an extension
of the reently proposed fermion ondensate model of eletroweak interations
[5℄. The original fermions mix via the non-diagonal four-fermion term in the
non-renormalizable Lagrangian. The gap equations an be formulated in the
physial degrees of freedoms and we have given examples of physial masses for
various oupling onstants. We determined the ritial ouplings to dene the
region of massive solutions, λ3 < −pi2/Λ2 is required to break the eletroweak
symmetry. With a few TeV uto the ouplings do not have to be ne tuned to
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Figure 4. Constant λ2 ontours in the M2-M1 plane for
λ2 = {25, 21, 17}1/Λ2, the allowed region is below the urves, Λ = 3 TeV.
imply masses of few hundred GeV. In the spetrum three new fermions appear,
between the lightest and the heaviest neutral ones there is a harged partile.
Perturbative unitarity sets (via the oupling λ2) the mass of the harged fermion
relatively lose to the heavier neutral one and the lightest fermion mass must be
below an upper bound, M1 ≤ 230 GeV for Λ = 3 TeV. The lightest new fermion
is stable and a good dark matter andidate as the new fermions interat only
in pairs and weakly with standard partiles. The model an be tested soon at
LHC, numbers of pairs of new partiles are expeted with masses of few hundred
GeV, ross setions for eletron-positron olliders are presented in [5℄.
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